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Abstract— This paper investigates reliability and economic 
challenges when large amounts of renewable generation are 
located long distances from load centers. Considering the 
distance, existing network, economics and controllability 
requirements, the optimum transmission system may be a multi-
terminal HVDC with line commutated converter (LCC) and 
voltage source converter (VSC) stations. The LCC, VSC and 
multi-terminal HVDC system has been modeled and studied in 
PSS/E and MATPOWER software platform. The South East 
Australian test system has been simulated in OPF to investigate 
the integration of large scale geothermal power into the 
Australian National Electricity Market (NEM). The sensitivity of 
the simulated results to variations in generation capacity and 
system load have been assessed and provide the frontier of the 
reliability and cost-benefit analysis.  
Keywords— multi-terminal HVDC; reliability; net market 
benefit; renewable power integration 
I.  INTRODUCTION 
The reliability criteria for power system planning and 
operation are merging with market and economic criteria. 
Society and regulators are also demanding that environmental 
impacts be considered when determining the optimum network 
plan. So modern power system planning must simultaneously 
consider reliability, economics and environment. 
The context of this study is the Australian National 
Electricity Market (NEM), currently dominated by coal fired 
generation, but where Federal Government legislation 
mandates a target of 20% (from its current 5%) renewable 
energy by 2020. Satisfying this target will require a large 
increase in renewable generation capacity to supply the 
Australian NEM. As large scale renewable resources are 
remote and location constrained, the economics and reliability 
of long distance transmission will have a major bearing on the 
feasible sources of renewable generation and a major impact on 
the market operation. For instance, a large amount of 
geothermal power may be generated from the Cooper Basin, 
located in the midland of Australia, near the border of 
Queensland and South Australia. The nearest connection point 
to the existing grid is located around 500 km (South Australia) 
and 1000 km (Queensland) away. Large amounts of power 
transfer from such remote generation sources to the grid would 
require a very substantial investment. The long distance 
transmission lines carrying large amounts of power would 
create higher risks to reliability than conventional transmission 
systems. These problems become more complex in the case of 
a multi-terminal connection which is better suited given the 
resource availability, existing network and market drivers.  
The  interest in multi-terminal HVDC with VSC converter 
stations are continually increasing, mostly driven by networks 
to connect large offshore wind farms to existing onshore power 
systems [1-6]. A study [2] highlights the application of HVDC 
line considering system configuration, station design and 
operating principles. Technical and economic analyses of the 
VSC HVDC transmission for offshore wind farms are 
presented, considering the cost, losses and reliability in [3]. 
Operation and control of such a connection is presented with 
different network topologies in [4]. System configuration, 
voltage control and power dispatch issues are addressed in [6]. 
Another work proposes several HVDC transmission 
connections in the US electricity grid which presents the cost-
benefit of the projects [7]. Further, [8] describes planning and 
integration of US North-Eastern and Western HVDC 
interconnections, citing the Chateauguay, Phase I/II and the 
CSC projects.  
In the Queensland Geothermal Energy Centre of 
Excellence, this research is complementary to a study which 
investigates controller design and stability analysis of multi-
terminal HVDC for connecting geothermal power to the 
Australian electricity grid [1, 5]. Fig.1 depicts a possible multi-
terminal transmission architecture to connect this remote 
generation to the existing power system. 
This research presents possible scenarios of connecting 
large scale geothermal power generators to the remote grid and 
recommends a solution based on the economic and reliability 
consideration. This study simulates and analyses the 59 bus 
South East Australian Test System to validate the Cooper Basin 
geothermal connection to the Australian NEM grid. PSS/E 
model of LCC, VSC and multi-terminal HVDC have been 
implemented and simulated in the power flow solution. 
Reliability (expected unserved energy) and economic (benefit 
to cost ratio) indices have been presented for a range of 
scenarios. 
 Figure 1.  Multi-terminal transmission connection  
II. RELIABILITY AND ECONOMICS OF MULTI-TERMINAL 
HVDC FOR CONNECTING REMOTE RENEWABLE GENERATORS 
TO THE GRID 
This Section describes the design, economics and reliability 
analysis of the transmission system to connect dispersed 
geothermal power of Cooper Basin to the existing Australian 
electricity grid.  
A. Collection System – String Cluster   
Renewable generators are usually clustered in a distant 
generation zone due to the remoteness of the renewable 
generation resources. In case of a geothermal generation zone 
this area can be few tens to few hundreds of square kilometers. 
Hence, the collection structure has a high impact on the 
performance and economics of the system. String clusters have 
been reported to be used for offshore wind farm projects [3], 
which could also be applicable to Australia’s geothermal 
system, as shown in Fig.2. The economic selection of the 
voltage level at the generation cluster has been identified as 
132kV. The AC transmission connection will be used for the 
collection system considering the distance, economics and 
convenience.   
B. Transmission Link – Multi-terminal HVDC 
A long distance transmission link will connect the remotely 
located generation cluster to the existing grid. This will require 
a high voltage (HV) high capacity transmission line, either 
through AC or DC. In the HVDC schemes there are two types 
of technologies – line commutated (current source) converters 
(LCC) and self-commutated volatge source converters (VSC). 
There can be multi-terminal connections based on the system 
and reliability requirements.  
A multi-terminal HVDC transmission link is considered for 
connecting Cooper Basin generators to the existing grid to 
strengthen the national grid and to meet the system 
requirements. The LCC based HVDC is an economic option 
for bulk power transmission over very long distance. As 
Queensland is located in the range of 1000km distance, this 
type of connection is considered to connect geothermal 
generators to the Queensland network, as shown in Fig.3. 
Nevertheless the operation and control of the multi-terminal 
LCC HVDC is complicated. The current needs to be balanced 
and requires mechanical switches to change the direction of the 
power flow [3, 4]. The VSC HVDC has inherent capability to 
control both real and reactive power. This technology can 
change the direction of power flow without polarity reversal of 
the dc voltage.  
 
Figure 2.  Configuration of the collection system [3, 9] 
 
Figure 3.  Transmission link – multi-terminal HVDC [1, 5] 
TABLE I   COST ESTIMATION (M$) OF 500KV DOUBLE CIRCUIT/ 
BIPOLAR 1000MW CAPACITY FOR 1000 KM DISTANCE 
 Overseas (USA)  
experience-1 [2] 
Overseas (EU) 
experience-2 [10] 
Local suppliers 
prices [11] 
 
HVAC LCC 
HVDC 
HVAC VSC 
HVDC 
HVAC LCC 
HVDC 
Substations 382 463 - 400 383 620 
Trans. line 1890 1513 2541 1694 3220 1823 
Easement - - - - 46 46 
Series comp. 58 0 60 0 73 0 
Total (m$) 2330 1976 2601 2094 3722 2489 
 
Hence, the VSC HVDC is recommended to be suitable for 
multi-terminal operation [4, 12]. Voltage stability is enhanced 
having reactive power control and transient stability is better 
due to prompt response. Oscillations can be damped by 
providing active and reactive power. These features allow 
flexibility of VSC converters to transfer power to/from the 
wind generation zone of South Australia, as shown in Fig.3. 
Therefore to take the advantages of both aforesaid lines, a 
multi-terminal connection with LCC and VSC terminals is 
designed to connect the power from geothermal resources to 
the national grid, as shown in Fig.3. This study investigates the 
economics and reliability of that transmission augmentation.  
C. Economic Evaluation 
Economic evaluation highlights the costs and estimated 
market benefits of the multi-terminal HVDC connections.  
1) Cost Estimation 
International practices and local supplier’s tender price has 
been considered for cost estimation. The HVAC and HVDC 
connection costs are presented in Table 1.  
The transmission system lifespan is considered as 40 years. 
The annual required revenue (ARR) is calculated as [13], 
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where, r is discount rate (10%), y is no. of years. The Eq.1 
gives an ARR of 0.10 for transmission. So, annualized cost of 
transmission is 10% of the total capital investment. 
2) Net Market Benefit 
Net market benefit has been calculated from the market 
dispatch considering transmission augmentation and 
consequent impact on the electricity market. The details of the 
framework can be found in [9, 14]. The benefits consist of the 
producer surplus, consumer surplus, merchandizing surplus, 
carbon emission tax and large-scale renewable energy target 
(LRET) surplus. The objective function of yearly net market 
benefit is formulated as below,  
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where, t
 
is time (hour), gn is no. of generator set, dn
 
is no. 
of load set,  is generated power (MW), igλ
 
is locational 
marginal price ($/MWh), igφ is generation cost ($/MWh), idCS
is consumer surplus ($), 'idCS
 
is consumer surplus before 
augmentation ($), idp
 
is consumed power (MW), idλ
 
is LMP at 
load bus i ($/MWh), iE
 
is 2CO emission (ton), 2COπ
 
is 
emission cost ($/ton 2CO ), iψ
 
is renewable generation (MW), 
σ  is LRET payment ($/MWh). 
D. Reliability Analysis 
Considering the reliability indices, post-corrective mode 
depicts the impact of system problems on electricity customers. 
As an important reliability index, expected unserved energy 
(E.U.E) has been investigated, which is a measure of the level 
of energy curtailment. The E.U.E. is equal to the weighted sum 
of all energy curtailments at all load buses in the system [15, 
16], 
Year/MWhDFP.E.U.E
Si
iii∑
∈
⋅⋅=    (3) 
where, iP , iF , and iD  are the probability, frequency and 
duration of outage, respectively, in state i . 
Relevant reliability data of the Australian HVAC [17, 18] 
and HVDC [19] systems have been incorporated in Eq.3 to 
obtain the expected unserved energy (E.U.E). 
E. Assumptions 
Few assumptions are considered for the cost estimation and 
subsequent analyses [11], such as substations and switching 
stations contain a breaker-and-a-half layout, while dual 
path/duplicate communication links are considered for 
substation equipments.  
All prices are presented in Australian dollar. Other 
currencies are converted to Australian dollar according to the 
rate of November 2012. Inflation rates are used as used in the 
‘inflation calculator’ of the Reserve Bank of Australia [20]. 
III. CASE STUDY 
The reliability and economics of multi-terminal HVDC 
system have been investigated by simulating the South East 
Australian test system. Fig.4 shows the simplified architecture 
of this network, with 5 areas, 14 generators and 59 buses [21]. 
Load flow data with different loading conditions are available 
in [21]. The area 2, 3, 4 and 5 of the test system resembles New 
South Wales (NSW), Victoria (VIC), Queensland (QLD) and 
South Australia (SA) of the Australian network, respectively.  
To connect geothermal generators from Cooper basin to the 
existing Australian network, South Australia and Queensland 
have been chosen as the point of connection based on the 
vicinity, network structure and market requirements. South 
Australia is preferable considering the shorter distance from the 
generation zone. Whereas Queensland is preferable to replace 
coal generation retirements, to meet the highest demand growth 
as well as to meet the zonal renewable energy target. The 
transmission link from Cooper Basin to South Australia is 
designed for 500MW, +/- 275kV, 500km, bipolar, VSC 
HVDC. Whereas the link from Cooper Basin to QLD is 
considered as 1000MW, 500kV, 1000km, bipolar, LCC 
HVDC. The rationale behind this connection arrangement is 
shown in Fig.3 and discussed in Section II.B. Fig.4 shows the 
connection in the test system. Relevant load growths and 
generation retirement scenarios have been implemented, as 
discussed in the next sub-section.  
A. Simulation Scenarios   
Three scenarios have been simulated with 500MW, 
1000MW and 1500MW geothermal generation, while 
generation retirements and load growths are considered as 
reported by the AEMO [22], and described in Table II and III. 
 
Figure 4.  Simplified South East Australian Test System [21] 
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TABLE II   ADDITIONAL GENERATION AND GENERATION 
RETIREMENT SCENARIO [22]  
Additional 
generation 
Regions of generation 
retirement  
Amount of generation retirement  
500MW QLD and SA (260 + 240) MW 
(Mackay, Swanbank B, 
Playford) 
1000MW QLD, SA, and NSW (260 + 240 + 600) MW 
(Mackay, Swanbank B, 
Playford, Munmorah) 
1500MW QLD, SA, and NSW 
Load growth (Table III) 
Retirements as above, 
Load growth (Table III) 
  
TABLE III   LOAD GROWTH IN NEM REGIONS [22] 
NEM region ACT NSW VIC QLD SA 
Test system area 1 2 3 4 5 
Load growth 1.2 1.2 1.6 2.5 1.0 
 
B. Parameter Estimation in PSS/E  
Constraint equations for rectifiers and inverters are 
analyzed to model converter parameters. No. of rectifier and 
inverter bridges in series are 2, line-to-line rms voltages at ac 
bus in QLD and SA are 330kV and 275kV, respectively. Power 
flow data for LCC and VSC HVDC transmission systems are 
adopted from the ABB library for HVDC [1, 23]. 
C. SVC Placement for System Stability  
Power flow simulation of HVDC does not converge for the 
test system with 1000MW and more power penetration without 
the reactive power compensation. Placement of reactive power 
compensation at the point of connection makes the power flow 
converged. In this case, simulation study agrees with the 
theoretical justification [12] that reactive compensation is 
required to enhance the stability and power transfer capability. 
IV. RESULTS AND ANALYSIS 
The simulation study evaluates a multi-terminal HVDC 
topology considering the estimated costs, expected benefits and 
reliability of the system for a range of generation-load variation 
and emission pricing scenarios. The HVDC links to the SA and 
QLD are of VSC and LCC-type, respectively. The study results 
presented here is for the year 2012. 
Table IV shows the annual revenue requirement (ARR) and 
net market benefit of the HVAC and HVDC options. The 
transmission investments are considered as described in 
Section II.C.1 and net benefits are calculated according to the 
discussion of Section II.C.2. The short run marginal cost of 
generation is only considered, not the capital cost. As limited 
by the transmission capacity, maximum 500MW power can be 
transferred to SA and 1000MW to QLD. Looking at the benefit 
to cost ratio, connection to the QLD network can be seen as the 
most preferable. Also the long transmission line of Queensland 
becomes notably profitable with an HVDC link compared to 
HVAC.  
Reliability indices of the network with HVAC and HVDC 
connections are presented in Table V. Here, transmission lines 
exposed to the worst contingencies are also identified. Overall, 
the HVDC connections lessen the reliability slightly, which is 
mainly caused by the impact of the converter station failure. 
Also, expected unserved energy (EUE) in Table V suggests 
that the reliability of LCC is a bit higher, as it’s a mature 
technology compared to the VSC HVDC.   
Table VI presents the sensitivity of geothermal generation 
on net market benefit. Power supplied from the Cooper Basin is 
totally consumed in the QLD network, while due to lower 
demand and weak interconnections SA network can’t consume 
that. Hence, the dispatch order of the network changes 
significantly and contributes to the net market benefit. 
Reasonably, 500MW link to both SA and QLD, and 1500MW 
connection to SA is not realistic considering cost and demand. 
Sensitivity of geothermal power penetration on system 
reliability has been presented in Table VII. The distance has a 
high impact on the reliability of the QLD connection. But the 
reliability of comparatively newer VSC technology makes the 
SA connection a little worse. When the generation is increasing 
from the remote location, the reliability gets worse due to its 
dependency on the long distance transmission line.      
TABLE IV.  ANNUAL REVENUE REQUIREMENT (ARR), NET MARKET 
BENEFIT (M$/YEAR) AND BENEFIT TO COST RATIO  (FOR 1000MW 
GEOTHERMAL POWER PENETRATION) 
  SA QLD SA and QLD 
HVAC ARR (m$/year) 173 288 461 
Benefit (m$/year) 238 402 582 
Benefit to cost ratio 1.37 1.39 1.26 
HVDC ARR (m$/year) 151 218 349 
Benefit (m$/year) 237 444 587 
Benefit to cost ratio 1.56 2.03 1.68 
TABLE V.  RELIABILITY INDICES (EXPECTED UNSERVED ENERGY IN 
MWH/YEAR) (FOR 1000MW GEOTHERMAL POWER PENETRATION) 
  SA QLD SA and QLD 
AC E.U.E. 2040 2030 1890 
 Worst 
contingency 
509-315 410-413 602-508, 
602-413 
HVDC E.U.E. 2640 2400 2730 
 Worst 
contingency 
509-315 410-413 602-413, 
602-413 
TABLE VI.  SENSITIVITY OF GEOTHERMAL GENERATION – NET MARKET 
BENEFIT (M$/YEAR) 
Geothermal 
generation 
SA 
(VSC) 
QLD 
(LCC) 
SA and QLD 
(VSC+LCC) 
500MW 178 332 - 
1000MW 237 444 587 
1500MW - 556 820 
TABLE VII.  SENSITIVITY OF GEOTHERMAL GENERATION – RELIABILITY 
(EXPECTED UNSERVED ENERGY IN MWH/YEAR) 
Geothermal 
generation 
SA 
(VSC) 
QLD 
(LCC) 
SA and QLD 
(VSC+LCC) 
500MW 2236 2190 - 
1000MW 2640 2400 2730 
1500MW - 2882 3000 
TABLE VIII.  SENSITIVITY OF LOAD – NET MARKET BENEFIT (M$/YEAR) 
(FOR 1000MW GEOTHERMAL POWER PENETRATION) 
System loading SA 
(VSC) 
QLD 
(LCC) 
SA and QLD 
(VSC+LCC) 
Case1 - heavy 237 444 587 
Case 3 - peak 246 476 594 
Case 5 - medium 218 456 556 
TABLE IX.  SENSITIVITY OF LOAD – RELIABILITY (EXPECTED UNSERVED 
ENERGY, MWH/YEAR) (FOR 1000MW GEOTHERMAL POWER PENETRATION) 
System loading  SA 
(VSC) 
QLD 
(LCC) 
SA and QLD 
(VSC+LCC) 
Case1 - heavy 2640 2400 2730 
Case 3 - peak 2800 2730 2940 
Case 5 - medium 2590 2302 2570 
TABLE X.  SENSITIVITY OF CARBON PRICE (FOR 1000MW GEOTHERMAL 
POWER PENETRATION) – NET MARKET BENEFIT (M$/YEAR) 
CO2 price  SA 
(VSC) 
QLD 
(LCC) 
SA and QLD 
(VSC+LCC) 
20$/ton 211 418 561 
30$/ton 299 506 649 
40$/ton 387 594 737 
50$/ton 475 682 825 
 
Table VIII presents the sensitivity of system loading and 
dispatch on net market benefit of the geothermal power 
penetration. The power flow changes from Case 1 (4-2-1-3-5) 
to Case 3 (1-2-4, 1-3-5) considerably. When there is a high 
demand in peak conditions, net market benefit with the 
geothermal generation increases significantly.  
Sensitivity of system loading and dispatch on the reliability 
has been presented in Table IX. Due to the higher system 
demand and tight constraints, reliability is worse for Case 1 and 
3 for all connections. As the demand and dispatch increases the 
E.U.E. becomes worse for any specific connection.  
Table X shows the impact of carbon price sensitivity on the 
geothermal power integration with HVAC and HVDC options. 
Impact of emission price is noticeable as geothermal power 
replaces a significant amount of coal generation.  
V. CONCLUDING REMARKS 
This study comprehensively analyzes a multi-terminal 
transmission system to connect large scale renewable 
geothermal resources to a remote grid. Simplified South East 
Australian test system has been simulated, which is a replica of 
the Australian NEM. The case studies resemble Cooper Basin 
geothermal resource connection to the Australian NEM grid. 
Cost estimation, net market benefit and reliability evaluation 
for Cooper Basin case studies expose market signal to the 
potential investors and market operator. Hence this study 
presents a consideration for generation and transmission 
planning for the Cooper Basin geothermal resources to connect 
to the existing Australian grid.  
Considering the benefit-to-cost ratio, based on our 
assumptions, an HVDC connection to the QLD network seems 
the most profitable (Table IV). As can be seen from the 
analysis of Table IV and VI, QLD connection is cost-effective 
up to 1000MW geothermal generation. For higher generation, a 
multi-terminal connection to the SA and QLD is preferred 
(Table VI). Also, as the emission price goes higher, the net 
benefit of Cooper Basin connection to the grid becomes more 
attractive (Table X).   
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